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ABSTRACT
With an aging population comes an increased need for advanced rehabilitation. Modern
technological advances in the field of robotics are paving the way for high-tech yet cost-efficient
biomedical devices. Exoskeletons allow for the rehabilitation of the neuropathways as well as an
increased ability in motor function. The fourth-generation design of the robotic exoskeleton for
neuromuscular rehabilitation and exercise is the embodiment of this idea. Using the information
provided by the three previous generations, as well as the understanding granted from studying
other designs and patents, an easy-to-use and sustainable rehabilitation device comes to fruition.
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1 INTRODUCTION
The Robotic Exoskeleton for Neuromuscular Rehabilitation and Exercise (4th
Generation) is an external apparatus to assist people with limited neuromotor ability and muscle
impairment. Using technology to help strengthen and heal people is a more efficient and
sustainable approach. A device that restores mobility and strength can perform mechanical
movements in a consistent and predictable way. It also allows patients to quantifiably track their
progress by monitoring sensor outputs and the device’s settings. In addition, using a device
allows for more consistent movements and the flexibility to take the rehabilitation equipment
home.
When people suffer an injury, it takes time to rebuild the lost muscle and functionality the
individual previously had. For example, stroke patients may experience weakness in part of the
body. This weakness can impair daily life until the functionality is recovered. The solution is
designing and implementing a noninvasive exoskeleton to promote muscle growth and restored
functionality. The range of applications is useful in muscle rehabilitation for stroke victims and
physical therapy for patients with limited strength/mobility. The finished device allows one fully
functional side of the upper body to train the impaired other side. It uses a master-slave setup,
where a motor reads from an encoder and sends a signal so the other side can mimic the
movement. The purpose of the device is to replicate motion from one side as efficiently,
accurately, and consistently as possible on the other side. The device is also programmable, so
that movements can be triggered electrically and easily calibrated. The resistance is adjustable to
better accommodate diverse groups of people.
The purpose of the device is for neuromuscular rehabilitation and exercise in the upper
body, with the biological focus being on the elbow. The exoskeleton can apply resistance for
5

strength training and assist in movement guided by one side of the body. A person suffering
muscle weakness can use this device to increase their strength and regain their lost function [3].
1.1 Background
The design is the fourth generation of a robotic exoskeleton for neuromuscular
rehabilitation and exercise. The previous three generations of the project were supervised by Dr.
Donald Peterson, with Mr. Simon Kudernatsch joining for the third generation. By analyzing
what worked versus what did not, the fourth generation of this design was fine-tuned to the needs
of the customer.
1.2 Purpose of the Project
The purpose of this project is to design an external apparatus to assist patients with
neuromotor impairments. This device provides aid in the restoration of a patient's mobility and
strength, allowing patients to perform movements consistently and predictably, while accurately
tracking their progress. The use of robotics creates a system that is efficient, sustainable, and
cost-effective. When people suffer an injury, it takes time to rebuild the loss of motor function.
For example, stroke patients may experience weakness in part of the body. This weakness can
impair daily life until the functionality is recovered.
1.3 Previous Work Done by Others
Existing products and patents are discussed below.
1.3.1 Existing Products
The Titan Arm is an upper body exoskeleton designed by University of Pennsylvania
students in 2013. Its main purpose is for use in rehabilitation and physical therapy. The designers
wanted to create an inexpensive yet ergonomic device that can be actuated through onboard
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sensing. The data collected by the exoskeleton’s sensors can be used to track a patient’s
improvement, such as an increase in range of motion or increased muscular strength. A key
aspect of this design is its low cost, allowing for prolonged use without a financial burden. The
Titan Arm has earned many accolades, including winning the James Dyson Award and receiving
first place at the Cornell Cup Embedded Systems Competition [5].
The MyoPro by Myomo is an upper-limb exoskeleton specifically designed for stroke
survivors with limited upper-limb mobility. The Myopro uses myoelectric signals from the
surface of the skin to activate motors, moving the affected limb. The arm brace amplifies weak
muscle signals, which allows the user to have complete control of their impaired limb [6]. While
this product allows for increased mobility, it is not made for rehabilitation.
In 2010, Ekso Bionics developed “Ekso,” an exoskeleton designed specifically for
rehabilitation following a stroke or spinal cord injury. Ekso is the first exoskeleton to be
approved by the FDA for this type of rehabilitation. Ekso is designed to accompany a patient
through all phases of rehabilitation. While Ekso boasts an international following – it is available
at over 270 rehab centers in more than thirty countries – its main application is to help a patient
stand and walk [7]. Rehabilitation of the extremities can be achieved using Ekso as an aide, but
cannot be achieved solely using Ekso.
1.3.2 Patent Search Results
The United States Patents and Trademark Office (USPTO) has millions of registered
patents. Searching the work “exoskeleton” alone garnered over 2000 results. These patents relate
to the overall design, the individual components of the design, and the methods – whether it be
the method of construction or the method of use. When researching patents, the intent of the
invention is also taken into consideration. For example, the MyoPro exoskeleton by Myomo has
7

similar mechanics to this project design, but its purpose is not rehabilitation. Conversely, the
Ekso by Ekso Bionics is designed for rehabilitation, but its design is meant to improve a patient’s
ability to stand and walk.
United States Patent #10,420,695 pertains to an exoskeleton designed to rehabilitate the
upper limb of a patient. Included in the design is an upper limb frame, joint mechanisms, angle
sensing units, a pressure valve and sensor, and a pneumatic actuator. The apparatus functions as
both an assistive device for the upper limb and as a rehabilitation system. By simulating the
common movements of daily life, the apparatus retrains the upper and lower arm joints while
improving neurological function. The frame of the exoskeleton is made of aluminum alloy and
the transmission device is a steel wire. The exoskeleton is low cost and flexible; it can be
adjusted to fit a patient’s height and width [8].
United States Patent #10,058,729 is a device for upper-limb rehabilitation. In this
design, a connector and a driver are connected to four links configured to move translationally
and rotationally. The driving unit moves based on user input to the placing unit, moving with
respect to a predetermined reference location. Furthermore, the device gathers information which
can be utilized by doctors to track the progress of a patient’s rehabilitation [9].
United States Patent #9,375,325 is an exoskeleton arm with an actuator. The invention is
not all-encompassing as it relates only to the assist arm that would be attached to a preexisting
exoskeleton. Included in the design is a motor, an actuation cable, and multiple pulleys used to
rotate the assist arm. The motor component of the assist arm is to be placed on the operator’s
back, allowing for a full range of movement and unimpaired vision. The sole purpose of the
invention is to be added to an already developed exoskeleton.

8

There exist patents related to the overall design, such as the aforementioned upper-limb
exoskeletons, as well as on the design individual components of the exoskeleton, such as cuffs,
actuators, and holsters. Beyond the design aspect of the invention, patents on the methods of use
and methods of repair have also been granted.
1.4 Brief Overview of the Report
This report contains a comprehensive overview of the Robotic Exoskeleton for
Neuromuscular Rehabilitation and Exercise (4th Generation). Included is a summary describing
the optimal project design, which highlights the subunits and specifics involved in the design.
Alternative choices are also discussed, including the justification for the designs selected. Next,
the prototype and its operation are explained. In addition, engineering constraints and safety
concerns are discussed. Furthermore, the impact of the design solution and new material that the
team will have learned are also explored. The project’s budget and timeline are explained. Then,
each team member discusses their individual contributions. The report concludes with a
summary, references, and acknowledgments.
2 PROJECT DESIGN
2.0 Alternative Designs
In this section, four separate designs are considered.
2.0.1 Alternative Design #1
This alternative allows the fully functional side of the upper body to train the impaired
side using the components and methods that follow. This device uses a master-slave setup. A
motor reads from an encoder and sends the signal to the other motor, which then mimics the
movement. The device is designed to perform this task as efficiently, accurately, and consistently
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as possible. It is also important for the device to be programmable, so that movements can be
triggered electrically, and easily calibrated. The resistance will be adjustable to better
accommodate diverse groups of people.
The biological focus is on the elbow, where the device allows for comfortable and
repetitive motion (flexion and extension) on both sides of the body. This design includes two
settings. On the first setting, the motion performed on one side actuates the motors on the other
side to assist the individual with movement. The second setting applies resistive training. Having
two settings allows for multiple applications, based on the needs of each individual user. For
example, an astronaut uses the resistive functionality much more than a patient with
neuromuscular damage.
The device is to be worn like a backpack, with two robotic arms connected by a back
brace. The user controls the position and velocity of motion and can adjust the torque by
changing resistance [10]. Because of the physical configuration of the exoskeleton, the materials
used must be lightweight and comfortable.
The device includes metal and 3D-printed plastics in the design, but heavier elements like
metal are kept to a minimum so the design remains lightweight but resilient enough to be used
consistently. These components can be created and in the machine shop and maker’s space at
Northern Illinois University. The electrical system is entirely closed to avoid electric shock. It is
operable both indoors on Earth and in microgravity conditions, in addition to being modular for
easy repairs.
This alternative design uses LabVIEW software. To gather data and test the exoskeleton,
sensors are connected to a Data Acquisition device (DAQ), which feeds the results back to the
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LabVIEW software. This testing collects voltage, current, and temperature readings to be used in
the final build of the exoskeleton.
The main parts crucial to this alternative design are listed below:
·

Aluminum frame

·

Linear actuator(s)

·

Controller

·

LABVIEW software

·

DAQ device
The frame of the exoskeleton must be resilient and lightweight. Sustainability is extremely

important and optimizing the frame’s longevity will reduce future costs and prevent possible
harm to the patient from using a damaged device. Actuators and controllers are also necessary
for the design of the exoskeleton.
2.0.2 Alternative Design #2
This design is an exoskeleton used for rehabilitation and exercise. It includes both
mechanical and software components. A computer is fitted like a backpack with modules
connecting the computer to actuated joints and unactuated supports.
The actuated joints (mentioned above) are controlled by software housed in the
computer. The actuated joints can be swapped, making the exoskeleton reconfigurable [14]. This
allows the exoskeleton to be used for multiple patients, or to be adjusted as the user progresses
and heals. The software controlling the joints has two categories. The first kind of control is
complete control. The complete controls are preset with data collected from a user without a
11

musculoskeletal or neuromuscular disorder [15]. This functioning is for users with minimal
control of their upper extremities. The second kind of control is an on-board controller [16],
using a master-slave configuration. The user controls an actuator at a joint by moving the
unaffected side of their body. The actuator connects to the backpack computer, which translates
the motion for the other side of the body.
The actuators, located at the joints, collect system parameters and coordinates. The
actuators use these data to determine the loads acting on the joint. The actuators adjust to
compensate for a selected force or torque. This method minimizes interference in both of the
categories of control explained above. This method allows the user to more quickly and easily
adapt to a force or torque [16].
The joints are connected to each other by unactuated supports. The supports are
adjustable in length, allowing for the exoskeleton to be used by multiple users. The configuration
of the joints allows for an extra support to be added to the existing support, to adjust for larger
users. The unactuated supports are attached to the backpack computer through the actuators. The
lower-arm unactuated support is attached to the user’s wrist using a flexible round support. This
support can be adjusted to fit the dimensions of the user.
The backpack computer has two over-the-shoulder supports, one for each shoulder. The
shoulder supports are padded to ensure maximum comfort for the user. A lower back support
extends from the bottom of the backpack computer. On either side of the user, adjustable hip
supports extend from the above back support. The hip supports are flexible and adjustable, to
move with the user. The hip supports are attached to adjustable leg cuffs, which secure the
exoskeleton to the body.
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The shoulder straps and leg cuffs ensure that the backpack computer will not detach from
the body. The above adjustable supports allow for the exoskeleton to be used by multiple users.
The joints allow for the exoskeleton to be used by multiple users, and for the exoskeleton to be
reconfigured as a user progresses through their rehabilitation.
The attributes explained above allow for the exoskeleton to be fixed with ease and
contribute to the sustainability of the product. Because the exoskeleton can be used by multiple
users, or throughout a user’s progression, the cost of the exoskeleton can be optimized.
2.0.3 Alternative Design #3
In this design, the focus is on completely modular parts using existing medical equipment
as a foundation. The three physically defining features to the overall design will consist of a
central hub and both arms, of which will each have their own subsection of components. The
goal of this design is to encourage the wearer to use as much of their own strength as possible by
allowing their corrected posture to activate and build the affected muscles at the same time as the
unaffected muscles in order to promote a quicker recovery.
As previously stated, there will be a central hub that will act as the brain of the system. It
will be built on a back brace for corrective posture and will hold the power supply as well as the
main controller of the entire system.
This hub is where the arm braces both connect to in order to function during uses such as
the master-slave mechanic and the programming of predetermined movements. Using a
corrective posture back brace allows the wearer to have proper support which is extremely
beneficial to both stroke patients and those who are resistance training as having the correct form
is crucial in physical training of any kind.
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The arm braces both have the ability to act as a controller, as well as execute mimicked
movement of the controller. Building off of a hinged elbow brace, this idea allows for physical
control of the range of motion of the wearer.
Because this design is built off an existing brace, more focus can go into the actual design
of how to best actuate the elbow with as little discomfort to the wearer as possible. The brace
allows the user to set their desired range of motion and is driven by a rotary actuator that assists
their movements.
Connection to the central hub is wired in order to draw from the power supply as well as
to help against any lag a wireless system may possess. Each arm has a smaller controller that
makes sense of the commands given to it by the main controller. It is possible to allow each arm
to have its own power supply, however, that could make it much heavier and possibly more
uncomfortable for the wearer.
2.0.4 Alternative Design #4
This alternative focuses on a different location in the body: the lower limbs. This is an
important alternative to consider because there have been successful designs using these
concepts already completed by NASA [10]. Basing the model off of a previously completed and
functional device allows for a more comprehensive frame of reference if a roadblock is hit.
However, this design is least likely to be utilized because it is significantly different than the
three listed above and should be used as a last resort if things do not go according to plan.
This design utilizes software and gait sensors to provide an appropriate amount of
assistance for each patient. It is powered using batteries so it does not have to be tethered. It is
adjustable to fit a range of weights and heights and better accommodate a diverse group of
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patients. The soft portions of the frame designed for comfort will be detachable and washable to
help maintain cleanliness.
The device has an upper component worn like a backpack to assist in stability and
posture. This is important for a patient relearning to walk again because the back and
surrounding muscles may also be in a weakened or injured state. The two lower limb
components are independently controlled by two separate actuators, each attached to an
aluminum support that is strapped to the leg with Velcro [17]. Velcro is used because it is
lightweight and cost effective while providing a strong and flexible bond to the patient. This
design will require another person to strap the patient into the device and work as a spotter to
assist and stabilize the patient if need be. A walker or other assistive walking device can be used
in conjunction.
The device supports the hips, knees, and ankles. It receives a PLC input that can be
programmed by a clinician or medical professional and provides an output to quantify the
patient’s strength and progress [18]. Over time, this device provides data that can be used to
customize a patient’s exercise regimen. Seeing visible, positive progress displayed on a screen is
great for morale and, while not essential to the functionality of the device, should be included if
possible.
Aluminum was chosen because it is sturdy and resilient. It needs to support the weight of
a human, so lighter materials (like plastics, for example) may not be strong enough. To
compensate for this added weight, the actuators will be calibrated to negate this effect. The focus
of this project is helping individuals with neuromuscular weakness to regain their lost strength
and retrain their bodies, so we are less focused on a device that assists with walking and more
focused on a device that strengthens a person so they can walk independently. This also can be
15

used on a resistive setting to help astronauts on board the International Space Station regain lost
strength [19].
The main parts crucial to this alternative design are listed below:
·

Aluminum frame

·

Display

·

Actuator(s)

·

PLC

2.1 Optimal Design
2.1.1 Objective
The optimal design uses a master-slave setup. This allows the fully functional side of the
upper body to train the impaired side. The individual sides of the exoskeleton have mirrored
circuits, each including (among other things) a motor and an encoder. The two sides are wired
together. When the user moves their functioning arm, the motor sends a signal to the encoder.
The encoder feeds this signal to the other side of the exoskeleton. The frame supporting the
impaired arm then mimics the movements of the fully functional arm. The design references an
already known practice known as mirror therapy (MT) in which a mirror is placed between the
arms so that the image of a moving unaffected limb can give the illusion of normal movement to
the affect limb thus creating stimulation in different brain regions. [20] The study that was
implemented found that mirror therapy moderately improved movement of the affected upper
limb and the ability to carry out daily activities for the patients within six months after the stroke.
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2.1.2 Subunits
The exoskeleton consists of two mirrored arms. The following explanations are referring to only
one half of the exoskeleton. The total amount of each component is doubled in the complete
design.
2.1.2.1 Mechanical Components
2.1.2.1.2 Upper Arm Support

Figure 1 – Upper arm support

Material: Aluminum
The upper arm support connects the upper arm cuff the housing and elbow joints. The holes are
used to adjust the position of the cuff on the upper arm, and to secure the housing.

17

2.1.2.1.2 Upper Arm Cuff

Figure 2 – Upper arm cuff

Material: Polylactic Acid
The upper arm cuff supports the upper arm of the user. The cuff slides on to the upper arm
support (Figure 2) and is secured using two 5cm M5 screws. The Velcro strap is inserted into the
slits on the edges of the cuff and secured.
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2.1.2.1.3 Upper Arm Joint

Figure 3 – Upper arm joint

Material: Polylactic Acid
The upper arm joint rests inside the housing and is connected to the upper arm support and the
forearm joint. The hole in the center of the circular portion of the upper arm join activates the
bore sleeve in the encoder, which is responsible for the master-slave configuration.
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2.1.2.1.4 Housing Fin

Figure 4 – Housing fin

Material: Polylactic Acid
The housing fin sits inside of the housing shell. The electrical components housed in the shell put
a load on the housing, which the fin reduces, creating a stronger housing unit.
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2.1.2.1.5 Housing Shell

Figure 5 – Housing shell

Material: Polylactic Acid
The housing shell protects the electrical components of the design. The two pieces of the shell
are connected using two 12.25cm M5 screws in the back, two 8.75cm M5 screws in the front,
and one 8.75cm screw on the bottom.
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2.1.2.1.6 Forearm Support

Figure 6 – Forearm support

Material: Aluminum
The forearm support connects the forearm joint, the forearm cuff, and the hand controller. The
forearm support is connected to the forearm joint using two 3cm M5 screws and to the hand
controller using one 5cm M5 screw. The forearm support is connected to the forearm cuff using
one 5cm M5 screw and a sliding joint. The sliding joint allows for the position of the forearm
cuff to be adjusted.
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2.1.2.1.7 Forearm Cuff

Figure 7 – Forearm cuff

Material: Polylactic Acid
The forearm cuff supports the forearm of the user. The cuff is connected to the forearm support
using one 5cm M5 screw at the sliding joint. The Velcro straps are connected to the cuff using
the slits on the edges of the cuff. The sliding joint and adjustable Velcro straps allow for the
exoskeleton to be used by multiple people.
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2.1.2.1.8 Forearm Joint

Figure 8 – Forearm joint

Material: Polylactic Acid
The forearm joint connects the upper arm joint to the forearm support. The connection of these
joints allows the flexion and extension cycles necessary for the movement of the exoskeleton.
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2.1.2.1.9 Hand Controller

Figure 9 – Hand controller

Material: Polylactic Acid
The hand controller houses the buttons necessary for system control and provides support the
hand of the user. It is connected to the forearm support using one 5cm M5 screw.
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2.1.2.2 Electrical Components
2.1.2.2.1 Microcontroller
Model: Arduino Uno

Figure 10 – Arduino Uno

The Arduino Uno acts as the “brain” of the system. It receives programming from the Arduino
IDE and feeds the commands to the other components of the system.
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2.1.2.2.2 Motor Driver
Model: Pololu VNH5019 Motor Driver

Figure 11 – Pololu VNH5019 Motor Driver Carrier Schematic

The motor driver connects the motor to the rest of the circuit. The motor draws a large current,
while the circuit works only with lower currents. The motor driver receives the low current
signals from the circuit and converts it to a larger current to drive the motor. The use of the
motor driver reduces the risk of a short.

27

2.1.2.2.3 DC Gear Motors
Model: AM Equipment DC Gear Motor

Figure 12 – 218 Series DC Gear Motor

The motor creates the movement necessary for this design. The motor has a left hand (LH) or
right hand (RH) housing. One of each is necessary for this design.
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2.1.2.2.4 Capacitive Modular Encoder
Model: Anaheim Automation Capacitive Modular Encoder

Figure 13 – ENC-AMT21 Capacitive Modular Encoder

The encoder reads the angular position of the exoskeleton and converts the data to a digital
output. The bore sleeve of the encoder connects to the pin joint of the frame.
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2.1.2.2.5 Power Supply
Model: Venom 3 cell battery
Generic 9V battery

Figure 14 – Venom 3 cell battery

The circuit includes two power supplies. The motor power (Venom 3 cell battery) provides
power to the motor and the logic power (generic 9V battery) provides power to the control
components of the circuit.
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2.1.2.3 Ergonomic Components
2.1.2.3.1 Back Brace
Model: Gearszilla Deluxe Full Back Posture Corrector Brace

Figure 15 – Gearszilla Back Brace (rear view)

The back brace was chosen to ensure user comfort during operation. The wire connection
between the two sides of the exoskeleton runs through the rear of the back brace.
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2.1.2.3.2 Velcro Straps
Model: Generic

Figure 16 – Velcro

The Velcro straps hold the cuffs in place to the user’s arm.
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2.2 Prototype

Figure 17 – Orthographic view of exoskeleton prototype

Figure 18 – Full prototype design
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Due to COVID-19, the prototype of the exoskeleton was not built. Without the prototype,
no physical testing was able to be completed. Virtual testing was done using ANSYS software.

After creating the 3D printed parts and aluminum supports within Solidworks, finite
element analysis was performed using ANSYS. The Solidworks file was imported to ANSYS
and in order to get as close to an accurate reading as possible, material properties needed to be
defined. Once the PLA and Aluminum 6061 material type is created, the model can be opened up
to set the parameters of the test.

Each individual part must be selected and changed to their respective material type. The
majority of the system is removed as the stress test would not affect the entire body, the main
focus only being the forearm joint and the pulley system. The contacts of each part must also be
established so that accurate readings can be obtained.

Once all parameters are set, a mesh is created by default to analyze a default range of
points on the assembly. This mesh will need to have a higher resolution so that more accurate
numbers can be gained from testing. After creating the mesh, the 40N force is applied to the
middle of the inner side of the forearm cuff. This will simulate the user at our maximum
expected weight of 204 kilograms (450lbs) with the forearm weighing 2% of the total body
weight for a weight of 4 kilograms (9lbs). This force is also at a maximum mid-forearm length of
8cm which is well above the average length of the midpoint of a forearm. This extreme testing
will allow for security in knowing that if the system can withstand this, it will be able to
withstand everything below.
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Having set the force on the inner cuff, it is necessary to state what specific data is needed.
Insert both an equivalent stress test and a total deformation test to see just how much the 40N
affects each part. Once completed, the model will show at which points is there the most stress
and deformation. In the end, the maximum stress experienced by the PLA forearm joint is
nowhere near its ultimate tensile strength of 50MPa nor the yield strength of 38Mpa. The
deformation is also negligible as it is only 0.27mm or 0.01in and will not cause any noticeable
deformation to the user.

Figure 19 – Equivalent stress at the joint

Figure 20 – Total Deformation at the joint
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3 REALISTIC CONSTRAINTS
3.1 Engineering Standards
The industry standards addressed in this design include the standards within the
International Organization for Standardization (ISO), the United States Food and Drug
Administration (FDA), the Infrastructure Engineering Corporation (IEC), and the Institute of
Electrical and Electronics Engineers (IEEE).
The ISO 14000 family of standards addresses environmental management in
manufacturing and design [25]. This design utilizes sustainable materials and will have a
negligible environmental impact. The ISO 13485 standard applies to medical devices and is also
used as an FDA standard [26]. Medical devices must prioritize the health and safety of the user,
which is incorporated into the design. The ISO 90000 family of standards deal with software
engineering. These standards are also recognized by IEC and IEEE [27]. The IEEE 11073
standard applies to medical devices and has constraints similar to the aforementioned ISO 13485
standards.
3.2 Economic Constraints
The budget for this design is 1000 dollars. The exoskeleton is designed to be sustainable,
so budget will not need to be allocated towards the replacement of parts. The aluminum supports
were purchased generically, and the remaining components of the frame are 3D-printed using
polylactic acid. These materials are inexpensive and easy to manufacture. At the end of the
design, less than half of the budget was used. The components of the budget are tabulated in
Table 1.

36

Table 1 – Budget

3.3 Environmental Constraints
The goal of this project is to optimize the design of the exoskeleton, which includes safe
environmental practices. The ISO 14000 family of standards addressed environmental
management, specifically in manufacturing [25]. The environmental impact of the design
includes manufacturing processes, material selection and disposal, and sustainability. The
primary materials in this design (not including electrical components) are aluminum and 3D
printed polylactic acid, both of which can be produced with minimal waste. Aluminum is
recyclable and polylactic acid is biodegradable and made from renewable resources.
3.4 Sustainability Constraints
The exoskeleton is designed to be used by multiple patients, at varying points in their
rehabilitation. Using a strong material, like aluminum, reduces wear and tear that could be
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present were a less-stable material used. The design’s reusability also resolves some of the
economic constraints, as new parts will not need to constantly be manufactured.
3.5 Manufacturability Constraints
The aluminum components of the frame were manufactured in the Machine Shop at
Northern Illinois University. The polylactic acid components of the frame were printed using a
3D printer. Using the resources available through the engineering department also reduced the
cost of manufacture, allowing for more parts to be created. Parts that cannot be manufactured in
the machine shop or with the 3D printer were ordered.
3.6 Ethical Considerations and Constraints
Medical devices carry heavy ethical constraints. Risk reduction plays a key role in this
design. The goal is to do the most good while inflicting the least amount of harm.
Many stroke rehabilitation devices have already been created and patented. Any ideas
received from outside sources have been cited, and their creators have been credited.
3.7 Health and Safety Constraints
A device that cures one ailment could cause another, and the weight of such risks must be
examined. Users suffering from stroke-induced disabilities deserve rehabilitation without the risk
of getting worse. The joints of the exoskeleton have been designed to eliminate the possibility of
pinching. The device is designed to accommodate users of any size, so it will not fall off of small
users or compress larger users. The radiation from the electronics of the device are negligible and
will not cause adverse reactions to the user.
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The exoskeleton is designed to be safe to both the user, and anyone providing aid to the
user. The safety considerations also ease the ethical constraints. The device is safe to wear and
safe to operate, so the risk to the users is small.
3.8 Social Constraints
The majority of stroke sufferers come from underdeveloped communities / countries [7b].
Many of these people do not have access to proper medical care and do not have the funds for
boutique rehabilitation. Because of the economic constraint placed on this design, it will be
manufactured without an insurmountable expense.
3.9 Political Constraints
This design cannot go outside of the scope of the law and cannot impede on the actions of
a political entity. The designers stayed within their legal limits.
4 SAFETY ISSUES
4.1 Electrical
In order to prevent the exoskeleton circuitry from harming the user, the electronic
components are fully enclosed. The device is properly grounded and operates within the limits
specified on manufacturer component data sheets. There is an emergency stop that cuts power to
the circuit in case of emergency.
4.2 Mechanical
The device is designed to eliminate the possibility of pinching. The frame is
manufactured out of lightweight material, reducing the load on the user. The DC gear motor
prevents arm extension past 180 degrees to eliminate the risk of hyperextension while using this
device.
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4.3 Ergonomic
Prolonged, excessive use of the device may cause fatigue or discomfort over time. To
prevent this, adjustable padding is used with the frame cuffs. This increases user comfort and
ensures that the device fits each individual user’s body. This concept applies to the back brace as
well. In addition, an operator’s manual including usage guidelines has been published.
5 IMPACT OF ENGINEERING SOLUTIONS
Every forty seconds, someone in the United States has a stroke. Stroke is one of the
leading causes of long-term disability in the US, with approximately 5% of the population
reporting that they suffer from a stroke-induced disability. Globally, fifteen million people suffer
stroke each year. This estimate includes five million deaths and five million stroke survivors
with permanent disabilities [27]. These numbers are expected to increase as the population ages.
Being able to help even a fraction of these people will have an unprecedented, worldwide
impact.
Although the main trajectory of this design is the rehabilitation of stroke patients, it has
applications in resistance training. Because of this, the exoskeleton can be used to train
professional athletes or astronauts. Professional athletic associations and space exploration
companies have little in common, apart from extensive funding. This design could garner
funding from NASA or the NIH.
6 LIFE-LONG LEARNING
The exoskeleton design incorporates the knowledge of engineers from different fields.
There is little overlap between mechanical and electrical engineers in the engineering
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curriculum. This project gave the designers the opportunity to look at a design from a different
point of view.
The first few years of an engineer’s education focuses on theory. Design and writing take
a back seat to science and mathematics. Because of this, engineering students often understand
the concepts, without being able to apply them. Designing and manufacturing a product gives
students an insight into the professional world. Before senior design, most students did not
complete weekly presentations or write operator’s manuals. Being able to present information to
the masses is a skill that will benefit the senior design students as they progress into the
corporate world.
7 BUDGET AND TIMELINE
The major components of the design that are integrate into the budget are the frame
material, the actuator(s), the controller, and software and programming. The frame of the
exoskeleton must be resilient and lightweight. Sustainability is important and optimizing the
frame’s longevity reduces future costs. The biomedical field deals directly with human life;
forsaking human safety to reduce cost undermines the work of engineers and medical
professionals.
Actuators and controllers are necessary for the design of the exoskeleton. They cannot
be built in the machine shop and must be purchased. Although many programs are covered under
the license help by Northern Illinois University, other software/programs may still need to be
purchased. Using software available at Northern Illinois University eliminates the cost associated
with purchasing software.
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7.1 Budget
Table 1 – Budget

The initial budget for this project was thousand dollars. The categories within this budget are as
followed:


Equipment

Due to this being a university sponsored project, the equipment needed for machining, 3D
printing, and 3D modeling were available for use without added cost.


Labor

There is no labor cost calculated into the budget because Northern Illinois University offers free
training in the Machine Shop. The components of the frame not made out of aluminum were 3D
printed at no cost to the designers.


Materials
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The main components of the exoskeleton design are the microcontroller, motor driver, actuators,
and power supply. The Arduino Uno was chosen because of its compact size and capability. The
previous designs support this claim. The Pololu VNH5019 Motor Driver protects the Arduino
microcontroller from the high voltage needed for actuator operation. Logic programming is done
only through the Arduino. The actuators carry most of the cost. Their function is crucial to the
design, so the high price is worth it. Using a DC gear motor allows for torque in a compact size.
The power supply allows the entire system to run smoothly, so a battery with enough voltage and
current is crucial.
7.2 Timeline
Table 2 Gantt Chart

SolidWorks Modeling
Once an optimum design was selected, a 3D model of each part and of the assembly was made
using Solidworks design software.
Prototyping / 3D Printing
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After completing the 3D model, a half-scale prototype was 3D printed.
Machine Shop Training
Nicole, Aletta, and Moises all completed the Machine Shop Training.
Ergonomic Requirements
With the guidance of Dr. Peterson, ergonomic constraints, such as carrying weight and genderbased anatomical differences were analyzed. The exoskeleton is designed to fit a vast spectrum
of body types.
Stress Analysis
ANSYS is used in the stress analysis of the design. This program allows for the customization of
material properties, so that many different materials can be tested at no cost.
Assemble Device
The device was set to be assembled in late March. However, due to COVID-19, the prototype
was unable to be assembled.
Program System / Motor Programming / Feedback Control
The device was programmed using the Arduino Integrated Development Environment.
8 TEAM MEMBERS CONTRIBUTIONS TO THE PROJECT
8.1 Nicole Hoffmann
Nicole was the lead electrical engineer for this project. After working with her
teammates to select the hardware required, she designed and assembled the circuit schematic.
She integrated several important features, including a potentiometer to modulate motor speed
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and emergency stop button to shut down the circuit without removing power to the encoders. She
also collaborated with Aletta while coding the master-slave functionality. They worked together
to incorporate pulse width modulation and consolidate their files into one.
8.2 Aletta Johnson
Aletta was the lead programmer for this project. She worked alongside Nicole on the
master-slave functionality of the design. Aletta and Nicole worked in conjunction to include
pulse width modulation in the code. She selected the microcontroller and made the decision to
switch from Python programming to the Arduino base program, which uses the “C” language.
8.3 Moises Reynoso Jr.
During the Spring semester of senior design, Moises worked with Andrew on making a
design that was sleek and ergonomic, but also spacious enough for all the components and any
future upgrades. He then imported the design into ANSYS to stress test the system under
extreme conditions. Moises also selected the motor used in the system with the help of Simon
and various mechanical engineering department faculty. With the help of another student, Moises
was able to get an initial 3D printed prototype which helped get an idea of the size of the
assembly as compared to the body. He also would update the weekly meeting PowerPoint during
his rotation and updated the Gantt chart to better reflect what was accomplished by the team.
9 CONCLUSION
The purpose of this project is to aid in the rehabilitation of stroke patients. Using precise
readings of the muscle and brain activity, a more efficient exercise to assist patients with
neuromotor impairments is possible. Using products already on the market as a baseline, this
project will be the first of its kind in assistive rehabilitation and resistance training exoskeleton
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technology. The ability to allow the patient to program their own exercises on an ambidextrous
system is what makes this project stand out from the rest. Making a functional exoskeleton is
possible with little cost, so the main obstacle will be piecing together all these parts into a safe
and cohesive system.
The fourth generation of the robotic exoskeleton for neuromuscular rehabilitation and
exercise will improve the lives of patients suffering from decreased motor ability. Although there
exist numerous exoskeletons and rehabilitation devices, this design is unique because it provides
both assistance and resistance to the operator. The design was be optimized to ensure a
sustainable and cost-efficient apparatus that puts the needs of the consumer at the forefront.
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12 APPENDIX
12.1 Technical Specifications and Data Sheets

Table 3 – Arduino Uno Specifications [28]
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Table 4 – Pololu VNH5019 Motor Driver Specifications [29]

Notes:

1 Without included headers. The height applies to boards manufactured after
December 2014; before this, the electrolytic capacitor was 0.07″ taller, making
the board height 0.37″.
2 Without included headers.
3 Not recommended for use with 24V batteries.
4 To -16 V. Connecting supplies over 16 V in reverse can damage the motor
driver.
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Table 5 – AM Equipment DC Gear Motor Specifications (LH housing is shown above) [30]
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Table 6 – Anaheim Automation ENC-AMT212E-V Capacitive Modular Encoder [31]
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Table 7 – T5 Series Timing Belt Pulley (41.3mm OD) [32]
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Table 8 – T5 Series Timing Belt Pulley (66.7mm OD) [32]
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Table 9 – Dust-Free Timing Belt [32]
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12.2 Code
#define
#define
#define
#define
#define
#define
int
int
int
int
int
int
int
int
int
int

encoderDT1 11 //encoder 1 pinouts
encoderCLK1 3 // interrupt
encoderSW1 6 //switch functions as E-stop
encoderDT2 12 //encoder 2 pinouts (circuit is doubled)
encoderCLK2 2 // interrupt
encoderSW2 13

previousDT1; //previous values so change is detected
previousCLK1;
previousSW1;
encoderPos1 = 0; //home position is set to 0
previousEncoderPos1 = 0; //no previous position at start
previousDT2;
previousCLK2;
previousSW2;
encoderPos2 = 0;
previousEncoderPos2 = 0;

#define enA 9 //PWM pin
#define in1 8 //motor pins
#define in2 7
#define button 4
const int EnA = 9;
const int motorPin1 = 8;
const int motorPin2 = 7;
int rotDirection = 0; //set initial rotation direction
int pressed = false; //E-stop not pressed at start
void setup()
{
Serial.begin(9600);
pinMode(encoderDT1, INPUT_PULLUP); //set pinModes
pinMode(encoderCLK1, INPUT_PULLUP);
pinMode(encoderSW1, INPUT_PULLUP);
attachInterrupt(digitalPinToInterrupt(encoderCLK1), doEncoder1, CHANGE);
//all doEncoder1 function below
previousDT1 = digitalRead(encoderDT1); //set current values as previous
values
previousCLK1 = digitalRead(encoderCLK1);
previousSW1 = digitalRead(encoderSW1);
pinMode(enA, OUTPUT); //set pinModes
pinMode(in1, OUTPUT);
pinMode(in2, OUTPUT);
pinMode(button, INPUT);
digitalWrite(in1, LOW); //set initial motor rotation direction
digitalWrite(in2, HIGH);
pinMode(encoderDT2, INPUT_PULLUP); //copy of circuit 1 above
pinMode(encoderCLK2, INPUT_PULLUP);
pinMode(encoderSW2, INPUT_PULLUP);
attachInterrupt(digitalPinToInterrupt(encoderCLK2), doEncoder2, CHANGE);
//call doEncoder2 below
previousDT2 = digitalRead(encoderDT2);
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previousCLK2 = digitalRead(encoderCLK2);
previousSW2 = digitalRead(encoderSW2);
}
void loop()
{
int actualSW1 = digitalRead(encoderSW1); // read if switch is pressed
int actualSW2 = digitalRead(encoderSW2); //
int potValue = analogRead(A0); // read potentiometer value
int pwmOutput = map(potValue, 0, 1023, 0 , 255); // map the potentiometer
value from 0 to 255
analogWrite(enA, pwmOutput); // send PWM signal to enable pin
if (digitalRead(button) == true) {
pressed = !pressed;
}
while (digitalRead(button) == true);
delay(20);
if (pressed == true & rotDirection == 0) { //shut down motors if button is
pressed
digitalWrite(in1, LOW);
digitalWrite(in2, LOW);
rotDirection = 1;
delay(20);
}
if (pressed == false & rotDirection == 1) { //if not pressed, resume motor
function
digitalWrite(in1, LOW);
digitalWrite(in2, HIGH);
rotDirection = 0;
delay(20);
}
if (actualSW1 != previousSW1) //read and print switch value
{
Serial.print("SW1= ");
Serial.println(actualSW1);
previousSW1 = actualSW1;
}
if(encoderPos1 > previousEncoderPos1) //read and print encoder value and
motor direction
{
Serial.print ("Encoder1 ");
Serial.print(actualSW1);
Serial.print(" ");
Serial.print(encoderPos1);
Serial.println(" CW");
}
if(encoderPos1 < previousEncoderPos1) //read and print encoder value and
motor direction
{
Serial.print ("Encoder1 ");
Serial.print(actualSW1);
Serial.print(" ");
Serial.print(encoderPos1);
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Serial.println(" CCW");
}
previousEncoderPos1 = encoderPos1; //save current encoder value as previous
value
delay(40);
}
void doEncoder1() //encoder 1 function
{
int actualCLK1 = digitalRead(encoderCLK1); //store encoder values
int actualEncoderDT1 = digitalRead(encoderDT1);
if ((actualCLK1 == 1) and (previousCLK1 == 0)) //interpret encoder position
{
if (actualEncoderDT1 == 1)
encoderPos1--;
else
encoderPos1++;
}
if ((actualCLK1 == 0) and (previousCLK1 == 1))
{
if (actualEncoderDT1 == 1)
encoderPos1++;
else
encoderPos1--;
}
previousCLK1 = actualCLK1;
int actualSW1 = digitalRead(encoderSW1); // check if switch is pressed
if (actualSW1 != previousSW1) //if pressed
{
Serial.print("SW1= "); //print that switch is pressed
Serial.println(actualSW1);
previousSW1 = actualSW1;
}
if(encoderPos1 > previousEncoderPos1) //if encoder position changes
{
Serial.print("Encoder1 ");
Serial.print(actualSW1); //switch value
Serial.print(" ");
Serial.print(encoderPos1); //encoder value
Serial.println(" CW"); //clockwise rotation
}
if(encoderPos1 < previousEncoderPos1) //same as above if statement
{
Serial.print("Encoder1 ");
Serial.print(actualSW1);
Serial.print(" ");
Serial.print(encoderPos1);
Serial.println(" CCW"); //counterclockwise rotation
}
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previousEncoderPos1 = encoderPos1; //store current encoder value as previous
value and return to main loop
delay(40);
}
void doEncoder2() //copy of doEncoder 1 with second circuit components
{
int actualCLK2 = digitalRead(encoderCLK2);
int actualEncoderDT2 = digitalRead(encoderDT2);
if ((actualCLK2 == 1) and (previousCLK2 == 0))
{
if (actualEncoderDT2 == 1)
encoderPos2--;
else
encoderPos2++;
}
if ((actualCLK2 == 0) and (previousCLK2 == 1))
{
if (actualEncoderDT2 == 1)
encoderPos2++;
else
encoderPos2--;
}
previousCLK2 = actualCLK2;
int actualSW2 = digitalRead(encoderSW2); // Without debouncing
if (actualSW2 != previousSW2)
{
Serial.print("SW2= ");
Serial.println(actualSW2);
previousSW2 = actualSW2;
}
if(encoderPos2 > previousEncoderPos2)
{
Serial.print("Encoder2 ");
Serial.print(actualSW2);
Serial.print(" ");
Serial.print(encoderPos2);
Serial.println(" CW");
}
if(encoderPos2 < previousEncoderPos2)
{
Serial.print("Encoder2 ");
Serial.print(actualSW2);
Serial.print(" ");
Serial.print(encoderPos2);
Serial.println(" CCW");
}
previousEncoderPos2 = encoderPos2;
delay(40);
}
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